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Edited by Varda RotterAbstract Critically shortened telomeres trigger a DNA damage
response in replicatively senescent cells. Here we report that
while DNA damage foci can be detected in newly senescent cells,
these foci eventually diminished in deep senescent cells. However,
DNA checkpoint signalling and repair machinery in response to
oxidative stress remain uncompromised in these deep senescent
cells. Activation of p53 by oxidative stress is unaﬀected despite
a marked decrease in expression of platelet-derived growth
factor a-receptor. These ﬁndings suggest that cellular senescence
is not a static process hence care must be taken in the selection of
biomarkers of senescence in studies of ageing.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Normal human ﬁbroblasts become senescent upon exhaus-
tion of their proliferative capacity after serial passage in cul-
ture [1]. This replicative senescence is largely triggered by
telomere shortening due to the end replication problem [2].
Critically shortened telomeres will compromise the integrity
of their functional structures and can activate a DNA damage
checkpoint response. This has been demonstrated by the detec-
tion of molecular markers characteristic of cells bearing DNA
double strand breaks [3,4]. These markers include nuclear foci
of phosphorylated histone H2AX and their co-localization
with DNA repair and DNA damage checkpoint factors such
as 53BP1, MDC1 and NBS1. Speciﬁcally chromosome ends
of senescent cells directly contribute to the DNA damage
response, and uncapped telomeres directly associate with many
DNA damage response proteins [3,5]. This suggests that DNA
damage signalling plays an important role in the induction of
telomere-initiated senescence.
In addition to replicative senescence, cells can also be
induced to become senescent prematurely by oxidative stress,
DNA damaging agents, histone deacetylase inhibitors, or cer-
tain oncogene overexpression [6–11]. Regardless of the cause,
senescent cells generally acquire an enlarged and ﬂattened
morphology with increased expression of several senescence-
associated markers including b-galactosidase (SA-b-gal), p53
and cyclin-dependent kinase inhibitors p21 and p16 [7,10,12–
14]. These molecular characteristics have been used in studies*Corresponding author. Fax: +44 1223 330598.
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ageing process. For example, SA-b-gal has been used to detect
senescent cells in animal tissues ever since it was ﬁrst reported
as a biomarker of senescence both in vitro and in vivo [12,15].
Marked elevation in expression of p16 has been observed in
tissues from aged rats and mice, and thus being regarded as
a biomarker of ageing [15–17]. Moreover, as DNA damage
has been characterized as a common mediator in the regulation
of both replicative and stress induced premature senescence,
DNA damage foci have been suggested as a useful marker
for senescent cells in vivo [18]. Indeed, telomere dysfunction-
induced DNA damage foci have been detected in animal
tissues and the frequency of detection has been correlated with
the age of the animal [19].
Senescent cells are viable in culture for a prolonged period of
time. Here we report that deep senescent cells which were kept
in culture for an extended period of time display an irregular
nuclear morphology. DNA damage foci which could be readily
detected in the newly senescent cells eventually diminish in the
deep senescent cells. However, these deep senescent cells seem
to retain the capacity to respond to oxidative stress and to
repair the DNA damage caused. The implication of this obser-
vation in the context of using DNA damage foci as a marker
for senescence in vivo is discussed.2. Materials and methods
2.1. Cell culture
IMR-90 cells at population doubling (PD) 24.5 were purchased from
the America Type Culture Collection (ATCC). The cells were grown in
ATCC modiﬁed Eagle’s minimal essential medium supplemented with
10% fetal bovine serum and penicillin–streptomycin. The cells were
trypsinized and subcultured weekly until they became senescent. Deep
senescent cells were obtained by maintaining senescent cells (with
weekly feeding) for three months.2.2. H2O2 treatment
H2O2 treatment was carried out by incubating 2 · 105 cells/well in
6-well plates in 2 ml of the culture medium containing 400 lM or
600 lM of H2O2 for 2 h. Autoclaved coverslips were placed in the wells
before seeding cells if immunoﬂuorescence was to be performed later.
2.3. SA-b-gal assay
Cells in 6-well plates were washed twice in PBS, ﬁxed for 5 min in 4%
paraformaldehyde in PBS and washed three times in PBS. The cells
were incubated at 37 C overnight in fresh SA-b-gal staining solution
(1 mg of 5-bromo-4-chloro-3-indoly1 b-D-galactopyranoside [stock =
100 mg/ml of dimethylformamide]/ml of 5 mM potassium ferrocya-
nide, 5 mM potassium ferricyanide, 150 mM NaCl, 2 mM MgCl2 in
40 mM citric acid/sodium phosphate, pH 6.0). The cells were then
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Cells on coverslips were ﬁxed in 4% paraformaldehyde in PBS for
10 min followed by one wash with TBS (50 mM Tris–HCl (pH 7.4),
150 mM NaCl), permeabilization in 0.2% Triton X-100 in PBS for
5 min, three washes with TBS and quenching in fresh 0.1% sodium
borohydride in TBS. Coverslips were blocked with blocking buﬀer
(10% horse serum, 1% BSA, 0.02% NaN3, 1 · PBS) for 1 h, washed
with TBS and incubated with primary antibody (anti-cH2AX, mouse
monoclonal or rabbit polyclonal IgG from Upstate; anti-53BPl, mouse
monoclonal IgG from Dr Thanos D Halazonetis [The Wistar Institute,
USA]) in 1% BSA in TBS overnight at 4 C. After washing with TBS,
the cells were incubated with 1:400 dilution of secondary antibody
(Alexa Fluor 555 goat anti-rabbit IgG or Alexa Fluor 488 donkey
anti-mouse IgG, Molecular Probes) in the presence of DAPI for
45 min at room temperature in the dark, washed with TBS, air dried
in the dark, mounted on glass slides using the ProLong Antifade
Kit (Molecular Probes) and inspected with a Zeiss LSM510 Meta con-
focal laser scanning microscope.Fig. 1. Changes in levels of p53, p21 and p16 in replicative senescing
cells. Whole cell lysates from IMR-90 cells of early population
doubling (PD30), near replicative senescence (PD57), newly replicative
senescence (PD59) and, 2 weeks and 3 months into replicative
senescence were analyzed by Western blotting using respective
antibodies. Actin is shown as a loading control.2.5. Western blotting
Whole cell lysates were prepared by scraping cells in Laemmli buﬀer
[0.12 M Tris, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol with protease
inhibitors (cocktail from Sigma)]. Proteins were separated by SDS–
PAGE and electrophoretically transferred to nitrocellulose membrane.
Blots were probed with the following antibodies: anti-p53 antibody
(ab7757-100, abcam), anti-p21 (sc-6246, Santa Cruz), anti-p16
(sc-759, Santa Cruz), anti-PDGF a-receptor antibody (sc-338, Santa
Cruz), anti-phospho-p53 (serl5) antibody (#9284, Cell Signaling),
anti-ATM (GTX70107, GeneTex, Inc.) and anti-ATM pS1981 (600-
401-398, Rockland Immunochemicals). The bound primary antibodies
were detected by horseradish peroxidase-conjugated secondary anti-
bodies (Amersham), followed by addition of enhanced chemilumi-
nesence reagents (Amersham).Fig. 2. Deep senescent cells with diminished DNA damage foci,
altered nuclear morphology and persistent SA-b-gal activity. DNA
damage foci, as revealed by dual staining with antibodies against
cH2AX and 53BP1, can be readily detected in the newly senescent
IMR-90 cells (a) but diminished in deep senescent cells which had been
kept in culture for three month from the on-set of senescence (b). SA-
b-gal persisted in deep senescent cells (c). Nuclear morphology of
young proliferating (d) and deep senescent cells (e) was revealed by
DAPI staining.3. Results
3.1. DNA damage foci diminish in deep senescent cells
As we demonstrated previously, IMR-90 cells became senes-
cent at PD 59 [7,13]. This was conﬁrmed by permanent cell
cycle arrest (by BrdU incorporation assay) and positive detec-
tion of the senescence biomarker, SA-b-gal activity as well as
the appearance of the enlarged and ﬂattened morphology
(not shown, but see [7,13]). Deep senescent cells were obtained
by maintaining these senescent cells for three months. In keep-
ing with our previous observations, the degree of senescence
was manifested by transition of p53 to p21 to p16 expression
[7]. As shown in Fig. 1 levels of p53, p21 and p16 all increased
in the newly replicative senescent cells as compared to the vig-
orously dividing cells at PD30. However, while p16 remained
elevated, levels of p53 and p21 showed a drastic decrease in
deep senescent cells (Fig. 1). This observation is consistent with
the notion that p53 senses stress, which then activates the
expression of p21 resulting in cell cycle arrest, whereas p16 is
responsible for the maintenance of senescent state [20,21].
In agreement with the observation of d’Adda di Fagagna
et al. [3] we detected cH2AX and 53BP1 foci in nearly all
the newly senescent cells. Confocal microscopy revealed that
these foci of cH2AX and 53BP1 were co-localized to the same
sites (Fig. 2a). These DNA damage foci eventually became
undetectable when the senescent cells were maintained in cul-
ture for 3 months, (Fig. 2b). However, SA-b-gal activity was
still readily detectable in these deep senescent cells (Fig. 2c).
A distinct feature of the deep senescent cells was the irregular
shape of their nuclei which is in sharp contrast to the regular
round shape of the young as well as the newly senescent cells
(compare Fig. 2e to Figs. 2d and a).
Fig. 3. DNA checkpoint response and DNA repair capacity in deep senescent cells. Deep senescent IMR-90 cells were treated with 600 lMH2O2 for
2 h. Dual staining with antibodies against cH2AX and 53BP1 was carried out immediately after the 2-h H2O2 treatment (a) or 24 h after the 2-h H2O2
treatment (b)Young proliferating cells with (c) or without H2O2 treatment (d) are shown as control (immunoﬂuorenscence staining was carried out
immediately after 2-h H2O2 treatment).
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repair capacity
We demonstrated previously that H2O2 treatment can cause
DNA double strand breaks and induce premature senescence
[22]. In order to establish whether deep senescent cells still
retain the capacity to mount a DNA damage checkpoint
response we treated these cells with H2O2 and examined the
formation of DNA damage foci. As shown in Fig. 3 H2O2
treatment caused formation of cH2AX and 53BP1 foci as
quickly and eﬃciently as in young IMR-90 cells (compare
Fig. 3a to Fig. 3c). The number of foci formed by H2O2 treat-
ment decreased when the treated cells were returned to H2O2-
free medium for 24 h (Fig. 3b). Together this suggests that
DNA damage response and repair mechanisms in deep senes-
cent cells remain intact.3.3. p53 can be activated by oxidative stress in deep senescent
cells
Phosphorylation of the p53 tumour suppressor protein is a
critical event in the upregulation and activation of p53 during
cellular stress. It has been reported recently that activation of
p53 by oxidative stress involves platelet-derived growth factor
(PDGF) b-receptor-mediated ataxia telangiectasia mutated
(ATM) kinase activation [23]. We observed previously that
PDGF a-receptor decreased markedly whereas PDGF b-recep-
tor remained readily detectable in senescent cells [13]. In order
to determine whether activation of p53 by oxidative stress in
deep senescent cells is impaired by the downregulation of
PDGF a-receptor we measured phosphorylation of p53 at ser-
ine 15. Chen et al. [23] demonstrated that phosphorylation ofp53 in response to H2O2 was speciﬁcally at serine 15 and not
serine 9, 20, or 392. As revealed by Western blotting, H2O2
treatment caused phosphorylation of p53 at serine 15 both in
young and deep senescent IMR-90 cells (Fig. 4a). Confocal
microscopy further demonstrated that phosphorylation of
p53 at serine 15 by oxidative stress occurred in both young
and deep senescent cells and that phosphorylated p53 occurred
in the nuclei (Fig. 4c and e). This suggests that PDGF a-recep-
tor is not required for activation of p53 by oxidative stress.4. Discussion
The onset of replicative senescence is characterised by the
permanent cessation of cell proliferation, morphological
changes and expression of SA-b-gal. Detailed molecular analy-
sis during the process of replicative senescence has revealed that
cyclin-dependent kinase inhibitors p21 and p16 are upregulated
in senescent cells. p21 increases progressively in senescing cells
but decreases after senescence is achieved whereas p16 has been
shown to be increased only in fully senescent cells [21,24].
Similarly, p53 is also only transiently upregulated in the early
stages of senescence [20]. The sequential upregulation of p53,
p21 and p16 has also been clearly demonstrated in human ﬁbro-
blasts which have undergone premature senescence following
oxidative stress [7]. These observations suggested that p53 initi-
ates senescence growth arrest at least in part by inducing p21
and that the subsequent rise in p16 may then act to maintain
the senescence cell cycle arrest. Thus it is believed that senes-
cence is a multistep process requiring stress sensing, cell cycle
arrest and maintenance of the senescence phenotype.
Fig. 4. Expression of PDGF a-receptor and activation of p53 in young
proliferating and deep senescent cells. Young proliferating and deep
senescent IMR-90 cells were treated with the indicated concentrations
of H2O2 for 2 h. Whole cell lysates were obtained immediately after the
2-h H2O2 treatment and analysed by Western blotting using the
respective antibodies (a). Equal loading for young and deep senescent
cells was conﬁrmed by Coomassie blue staining. Phosphorylation of
p53 at serine 15 by H2O2 treatment was further conﬁrmed by
immunoﬂuorescence microscopy: untreated deep senescent cells (b),
H2O2 treated deep senescent cells (c), untreated young proliferating
cells (d) and H2O2 treated young proliferating cells (e).
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tive senescence cells suggests that dysfunctional telomeres
resemble DNA double strand breaks that trigger a DNA
checkpoint signalling and repair response [3]. The present
observation together with an earlier report [25] that DNA
damage foci diminish in deep senescent cells suggests that act-
iivation of DNA damage checkpoint signalling by shortened
dysfunctional telomeres may represent an early step in the pro-
cess of cellular senescence. ATM, the protein kinase that is
defective in ataxia telangeiectasia has been suggested to play
an important role in transmitting telomere dysfunction signals
to p53, thus has been proposed to link DNA damage signals to
the above-mentioned molecular events in the process of cellu-
lar senescence [26]. The upstream nature of the DNA chec-
kpoint response in activation of the senescence programme
may explain why persistent existence of DNA damage foci
may not be required to maintain senescence. It also suggests
that caution must be taken in interpreting the upregulation
of p16 expression in old cells which lack any sign of DNA
damage as DNA damage-independent p16 upregulation
[27,28]. The stochastic variation in telomere shortening cancause heterogeneity of human ﬁbroblast lifespan [29,30] and
thus may allow some occurrence of deep senescent cells in a
newly senescent cell population, which may have DNA dam-
age foci diminished but p16 remains up-regulated.
The diminished DNA damage foci in deep senescent cells
may reﬂect the fact that NHEJ (non-homologous end-joining)
of critically shortened, deprotected telomeres [31] may have
taken place in the deep senescent cells. As the NHEJ pathway
is a DNA repair mechanism, deep senescent cells may regard
the end-to-end fusions of dysfunctional telomeres as repairs
being completed, hence the diminished cH2AX foci. However,
these deep senescent cells may well retain the capacity to
mount a DNA checkpoint response to fresh DNA damage.
Indeed, oxidative stress (by H2O2 treatment in this study)
and ionizing radiation [25] can readily induce formation of
DNA damage response foci. In addition, p53 can also be read-
ily activated in the deep senescent cells. The fact that the num-
ber of DNA damage foci decreased in the nuclei 24 hours after
oxidative stress as compared to the cells immediately after the
treatment suggests that the DNA repair mechanism also
remains intact in the deep senescent cells.
The activation of p53 in deep senescent cells in which the
expression of PDGF a-receptor is markedly reduced (also see
[13]) suggests that this isoform of the receptor may not have
the same functional role as the b isoform of the receptor does
in the modulation of p53 function in response to oxidative
stress [23]. We observed previously that, in contrast to the
marked decrease in PDGF a-receptor, the PDGF b-receptor
remained readily detectable in both newly senescent cells and
deep senescent cells [13]. In addition, phosphorylation of
ATM upon H2O2 treatment can be detected in deep senescent
cells (Fig. S2). This suggests that the signaling cascade involv-
ing PDGF b-receptor mediated ATM phosphorylation in the
activation of p53 by oxidative stress may be functional in deep
senescent cells.
Cellular senescence is also accompanied by changes in nu-
clear morphology and chromatin structure. Narita et al. [32]
showed that distinct heterochromatic structures (senescence-
associated heterochromatin foci or SAHF) formed in senescent
human ﬁbroblasts and that proliferation-promoting genes
were incorporated into these transcriptionally silent foci.
Accordingly it was proposed that formation of SAHF contrib-
utes to the exit from the cell cycle and promotes stable gene
repression. Although it remains to be investigated, the irre-
gular nuclear morphology observed in deep senescent cells
(see Fig. 2) may be a consequence of extensive remodelling
of chromatin structure.
The detection of dysfunctional telomere-induced DNA dam-
age foci in animals has illustrated that cellular senescence
contributes to organismal ageing [19]. The observation that
senescing human cells and ageing mice accumulate DNA
lesions with irreparable double strand breaks suggested a
causal role of irreparable DNA damage in ageing [33]. Thus
DNA damage foci can serve as a useful biomarker for reveal-
ing the existence of cellular senescence and its potential contri-
bution to ageing. However, the occurrence of senescent cells
in vivo may be underestimated when using DNA damage foci
as a biomarker if the cells are in a deep senescent state as DNA
damage foci may also diminish in deep senescent cells in vivo.
In this context, SA-b-gal may still serve as a more robust
biomarker for cellular senescence despite recent reports for
caution [34,35].
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eventually diminish when senescent cells are kept for an
extended period of time in culture. DNA damage response
and repair capacity, however, remains largely intact in the deep
senescent cells. p53 can be readily phosphorylated at serine 15
although PDGF a-receptor decreases markedly in the deep
senescent cells suggesting that this isoform of PDGF receptor
may not be required for p53 activation by oxidative stress.
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